
Amelioration in nanobiosensors
for the control of plant diseases:
current status and future
challenges

Verinder Virk*, Himani Deepak, Khushbu Taneja,
Rishita Srivastava and Sadhana Giri

Gurukula Kangri (Deemed to be University) Haridwar, Haridwar, India

The increase in global population has had a tremendous impact on sustainable
agri-food practices. With the growth in world population, various modern
technologies are being utilized that more often result in the opening of
tremendous opportunities in the agriculture and food sectors.
Nanotechnology is used in agri-food sectors for a variety of purposes,
including enhancing flavor, pest/pathogen diagnosis, production, processing,
storage, packaging, and transportation of agricultural products. Plant pathogenic
microorganisms including bacteria, viruses, fungi, and nematodes have a
significant impact on the global economy. In particular, advances in
nanotechnology, including nanobiosensors, have been used in the detection
of plant diseases and pathogens, the evaluation and examination of infections
caused by microorganisms, the management of diseases and, thus, the
promotion of food security. Apart from the management of plant diseases,
nanobiosensors offer better opportunities for sustainable agri-food production
by controlling physical, chemical, and biological processes, thus improving food
safety and the agricultural economy. This review outlines the application of nano-
integrated nanobiosensors for better agricultural and food practices.
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1 Introduction

The world’s economic strength largely depends upon the agricultural and food sectors.
The global demand for food production is expected to double by 2050. It is thus important
to note that the majority of crop losses are due to biotic and abiotic stresses. It is thought that
20%–40% of crop losses are due to biotic factors including pest attack, pathogen invasion,
herbicides, and insect attack (Dutta et al., 2022; Munir et al., 2023). Therefore, a major
challenge is the management of plant diseases against biotic factors. Previously,
conventional methods have managed to control pathogens such as bacteria, viruses, and
fungi, including spectroscopy, chromatography, enzymatic methods, proteomics, and
metabolomics (Schieber, 2018). However, these conventional methods have detrimental
effects on plant ecosystems, human health, and the environment (Tanwar and Sushil, 2019;
Sarkar et al., 2022). Nanotechnology has recently been applied as a wide range of technical
processes, including the characterization and synthesis of nanoparticles and the fabrication
and regulation of new materials with wide applications in pharmaceuticals, industry,
agriculture, and medicine (Ansari, 2023). Nanobiosensors are composed of
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nanocomposites of organic, inorganic, or combined materials,
synthesized using novel nanotechnological approaches
(Romanovskii and Periakaruppan, 2023). Nanobiosensors involve
various nanomaterials such as metals, carbon nanotubes (CNTs),
magnetic nanoparticles, nanowires, nano-probes, and quantum dots
(QDs) (Beeguma and Dasb, 2022). Applications of nanobiosensors
in agriculture include the real-time monitoring of crop conditions
with the detection of soil moisture content, nutrients, pH, and
temperature using piezoelectric nanosensors (Dimri et al., 2020).
The wide acceptance of nanocomposites can replace the use of
pesticides, fungicides, and synthetic chemicals in agricultural crops
to inhibit plant pests. Small-scale nanocomposites overcome
biological barriers to ensure the efficient transfer of nutrients
through foliar or root applications (Izaz et al., 2023). Recently, Li
et al. (2023) reported the use of nanocomposites with horseradish
peroxidase to detect mycotoxin AFB and evaluate the quality of agri-
food products. Moreover, nanoparticles can ameliorate plant genetic
health and make plants tolerant to drought, heat, and salt stress
which might be due to the height-surface-to-volume ratio of
nanoparticles that increases their reactivity and possible
biochemical activity (Khan and Rizvi, 2014; El Moneim et al.,
2021). Nanomaterials are useful for researchers and scientists
because of their ability as carriers, and their small size, ease of
transport, and active surface area (Hazarika et al., 2021; Dutta et al.,
2022). Ligand-assisted nanoclusters can be used to detect
contaminants in agricultural products and offer a range of

applications that leverage their unique properties. Ligand-
protected nanoclusters can serve as carriers for pesticide and
fertilizer delivery, plant growth promotion, soil remediation,
detection of pathogens in crops, detection of environmental
parameters, photocatalysis of water to generate hydrogen for a
strong irrigation system, and can enhance stress tolerance in
plants (Aparna et al., 2022).

Microbial contamination is a major cause of waterborne and
foodborne diseases and crop failure in the environment. The only
way to prevent these diseases is the highly accurate rapid detection of
bacterial contamination at an early stage. Given the limitations of
traditional methods in terms of time-consuming procedures,
complex instrumentation, and laborious sample preparation by
trained personnel, researchers are adopting sensing technology to
explore nanomaterials for the detection of microbial infection.
Nanocomposites offer great benefits in terms of flexible
morphology, high surface area, and enhanced optical, electrical,
thermal, and mechanical properties. Foodborne pathogenic
microorganisms have long been monitored using nanomaterial-
based optical biosensors, including fluorescence, colorimetric,
surface-enhanced Raman scattering (SERS), and surface plasmon
resonance (SPR) sensors. Nanomaterials offer a significant
enhancement in the optical abilities of sensors. Integrated optical
sensing technologies can support functions by multiplexed
detection, higher accuracy and sensitivity, and the availability of
signal readout and electrical control options on a single chip, making
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them suitable for point-of-care (POC) detection (Kumari et al.,
2023). As demand for food production increases, nanoparticles such
as gold, silver, and copper play a critical role in mitigating new
challenges in disease management, fertilizer production, and
antimicrobial action. Recent studies have shown promising
results for nanoparticles such as B, Cu, Mn, Si, and Zn that
appear to function as nanofertilizers in host defense mechanism
(Elmer et al., 2018). Recently, Abdelhamied et al. (2023) reported the
development of a novel bacteriophage-based nanobiosensor for the
quantitative detection of Escherichia coli O157:H7 in food samples
via nanocomposites consisting of gold nanoparticles and
multiwalled CNTs and tungsten oxide nanostructures.

Recent advances in the field of nanotechnology include
nanoparticle-integrated biosensors, also known as nanosensors.
Being small, easily portable, efficient, specific, and sensitive
makes them indispensable for the agri-food sector. Researchers in
clinical diagnostics and research institutions can utilize
nanoparticle-based nanobiosensors for smaller delivery systems,
plant protection, promotion of better oil health, increased fruit
shelf life, and sustainable agriculture (Dar et al., 2020). The
availability of nanobiosensor-detection systems allows
agriculturists to identify plant pathogens at an early stage, thus
avoiding significant economic losses (Figure 1).

The present review discusses types of nanobiosensors and the
application of nanoparticles for pest management, pesticides, and

toxin detection in detail, along with advancements in
nanobiosensors in the agricultural and food sectors and their
future prospects.

2 Nanobiosensors

There is a wide variety of nanomaterials that are used for
nanobiosensors. Nanobiosensors are classified based on the kind of
material under analysis and how the signal is transmitted. There is a
growing need for sensor devices with features such as enhanced
sensitivity, cost-effectiveness, rapid response, robustness, carrier
recovery, a small footprint, in situ analysis, and ease of operation
(Aghaei et al., 2018; Bezzon et al., 2019). Nanostructured materials are
used in the construction of nanosensor devices such as nanoscale wires
(high detection sensitivity), CNTs (high surface area and high electron
conductance), and nano-sized thin films, polymers, and biomaterials
(Kokate et al., 2013; Ayesh, 2016; Abdel-Karim et al., 2020).

Due to their physical and chemical characteristics, metal
nanoparticles (mNPs) are highly suitable for the development of
new and advanced sensing devices, such as electrochemical sensors
(ESS) and biosensors (BAS) (Jin et al., 2017). mNPs can act as
analytical sensors in a wide range of sensing principles and signal
amplifiers (Su et al., 2019). Combining high-throughput sensing
principles with detection elements has led to bioassays that provide

FIGURE 1
Application of nanotechnology in agriculture.
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rapid reactions and visual results that are suitable for use in low-
resource environments. The basic properties of mNPs have been
leveraged to create colorimetric sensing arrays with a potential for
fast analysis that are cost-effective and easy to implement due to
their naked-eye observation capability (Sun et al., 2020). Biosensors
based on predictable color changes include but are not limited to
biosensors for detecting alpha-1-feto protein in human serum anti-
hepatitis-B virus antibodies in human serum breast cancer
biomarkers Mycobacterium tuberculosis complex, human
immunodeficiency virus type-1, DNA toxic metal pollutants
(Priyadarshini et al., 2017), and organochlorine endosulfan
pesticide (ESP) (Arora, 2018).

Silver nanoparticles have also been incorporated into polymers
to be used in sensors; Kariuki et al. (2016) incorporated silver

nanoparticles into poly(amic acid) (PAA) polymer matrix
nanoparticle-based sensors for nitrobenzene detection. The
detection limit of a PAA-Ag nanoparticle-based sensor was
1.68 mM, with a linear range of 10–600 mM and 7.88 M A (M−1)
sensitivity with a low interference against structurally related nitro-
aromatic compounds. Silver nanoparticles allow the detection of
different analytes by tagging them with silver nanoparticles.
Sepunaru et al. (2016) used silver nanoparticles to tag influenza
virus, resulting in its effective electrochemical detection because the
size and frequency increased linearly as the virus concentration
increased, along with the surface coverage of silver nanoparticles.
The catalytic properties of platinum nanoparticles are typically well-
characterized and have been incorporated into sensors or into
various analytes such as hydrogen peroxide, cholesterol, mercury

TABLE 1 List of advances in nanotechnology for disease management and detection.

Type of
nanosensor

Nanomaterial Application Advantage Reference

Nanomicelle Time–temperature indicators fabricated with triplet–triplet
annihilation up-conversion system (TTA-UC)

Virtual monitoring of food
quality

Low cost, high accuracy, and
good reliability

Li et al. (2024)

SPR nanosensor Detection of triazinic
pesticides

Rapid analysis, real-time
monitoring, and inexpensive
diagnostic tool

Yilmaz et al.
(2017)

Nanosensor chips Coumaphos-imprinted SPR and NIP-SPR (non-imprinted) Detection of
organophosphate-based
coumaphos

Highly sensitive, selective,
reusable, and stable

Oymen et al.
(2023)

Optical nanosensor Near-infrared (nIR) fluorescent single-walled carbon
nanotubes (SW CNTs) interfaced with leaves of Arabidopsis
thaliana

Detection of hydrogen
peroxide, plant stress
including UV-B light,
highlight, and pathogen-
related peptide

Report early signs of plant
stress, plant stress
communication, provide novel
tools for agriculture farming,
and optimize use of
agrochemicals in the
environment

Wu et al. (2020)

Optoelectronic
nanodevice

Synthetic nanocomposite;
polyvinylalcohol–carboxymethylcellulose–silicon
dioxide–chromium trioxide (PVA–CMC–SiO2–Cr2O3 NCs)

Antibacterial action Antibacterial activity against
E. coli and S. aureus in the food
packaging industry

Hamza Habeeb
(2023)

Electrochemical
nanosensor

2D electrochemical nanosensor Detection of nitrite, heavy
metal ions, antibiotics, and
pesticides in food and drinks

Real-time monitoring, easy
accessibility, and more
durability

Li et al. (2022)

Nanosheets 2D electrochemical nanosensor; molybdenum disulfide
(MoS2); nanosheets modified with organic copper (OCu)
nanowires

Sensitive detection of
hydrogen peroxide and
ascorbic acid

High selectivity Li et al. (2017)

Electrochemical;
portable wireless
intelligent nanosensor
(PWIN)

Sandwiched nanohybrid, fabricated with
platinum–palladium nanoparticles, carboxylated graphene,
graphene-like molybdenum disulfide

Determination of terbutaline
residues in meat product

Rapid analysis, cost-effective,
on-site analysis of
contamination, and useful in
food safety

Ge et al. (2022)

Electrochemical nitrite
sensor

2D/2D hematene/GO nanohybrid Detection of nitrite in tap,
mineral, and river water

High surface-to-volume ratio,
selectivity, stability, and
reproducibility

Qin et al. (2023)

Molecularly imprinted
electrochemical sensor
(MEICS)

Fabrication of 2D-titanium carbide (Ti3C2Tx) Detection of triclosan in food
samples

Low detection limit, good
stability, and wide range
detection

Zhang et al.
(2022)

CNTs 2D titanium carbide, carboxy multiwalled CNTs (2D
MXene)

Detection of ochratoxin A in
food samples

Anti-fouling Huang et al.
(2021)

Electrocatalytic
nanosensor

1D/2D CO2SnO4 Detection of mesalamine in
the environment,
pharmaceutical, and
biological fluids

- Hwa et al.
(2022)
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ions, and hydrogen sensors (Song et al., 2018; Alias et al., 2016; Jung
et al., 2018).

3 Applications of nanobiosensors in
sustainable agriculture

A biomaterial exists when a single piece of equipment uses a
certain biomolecule that is sensitive to certain bioreactors and
biomolecules, such as analytes, to create high-quality analytical
data. In this case, the sensors are either physical or chemical, and
they use recognition elements to detect biological products
(Huang et al., 2021). Organic coatings associate along
analytics, For example, transformations in the organic coatings
associated with the analytics can be easily detectable with the help
of these sensors. The sensors and recognition elements can be
used to classify the biosensor types. Biosensors based on
transducers are electromagnetic, impedimetric, pulsemetric,
calorimetric quartz crystal account wave, piezoelectric,
reflection absorption transmission, fluorescence surface, and
plasmon waveguide. Depending on the recognition element,
biosensors may be aptamer-based, enzyme-based, nucleic acid

based, oligonucleotide-based, or immunosensor-based
(antigen–antibody reciprocation or advanced biomarker
sensors). With whole cell-based organelles, there are some
paper-based biosensors that are quite versatile, such as
microfluidic biosensors, LFA bioassays, and dipstick tests.
These sensors look for biomarkers using optical detection, but
they can also detect them through electrochemical, chemical, or
electro-chemiluminescence discernment (Campuzano et al.,
2011) (Table 1).

The development of biosensors using nanoparticles has the
potential to overcome the limitations of traditional methods.
Some advantages of polymer particle-based biological detectors
over traditional methods include high sensitivity and specificity,
rapid and efficient response time, and real-time output
(Chakroborty et al., 2023). In addition, the methods can detect
very small levels of analytes that could pose a risk to vegetation
and domestic animals, in addition to transportable equipment.
Since the nanoparticles can be used in multiple combinations,
they can be used in multiplexing appliance and amperometric
biosensors. Biosensing research is currently focused on when
biological probes are used in combination with nanoparticles
such as metallurgic, coefficient dot, and captivating

TABLE 2 Advancement of nanobiosensors in agriculture for identifying pathogens.

Nanobiosensor Nanomaterial used Sensor type Application Reference

Artificial nose Carbon nanomaterial Volatile organic
compound profile

Detection of pathogens depending on
the organic compounds released

Cui et al. (2018)

Pesticide detection nanosensor Graphene-based nanosensor with molecular
imprinted polymers

Electrochemical Pesticide detection of chlorothalonil
and chlorpyrifos methyl

Xu et al. (2020)

Plant hormone nanobiosensor Receptor DAD2 from Petunia hybrid and
HTLT from Striga hermonthica with green
fluorescent protein

Fluorescent based Detection of strigolactones as signaling
molecules for plant growth and
parasitism

Chest et al. (2020)

Molecular imprinted polymer
based

Mesoporous sieves embedded with carbon
dots

Electrochemical Detection of kaempferol polyphenol in
vegetables

He et al. (2020)

Smart nanobiosensor Zinc oxide and copper Electrochemical Enhance germination of tomato, chili,
and cucurbits in Mexico

Negret et al. (2020)

QD nanosensor QDs Fluorescence Detection of pathogen Esker et al. (2018)

AChE biosensor DNA-based biosensor Electrochemical Detection of Phytophthora palmivora
causing black pod rot in cacao pod

James et al. (2019)

AChE Cholinergic enzyme Amperometric Detection of chlorpyrifos Hou et al. (2019)

AChE onto polymeric surface
and silver

Enzyme Amperometric Detection of malathion Zhang et al. (2019)

AChE with multiwalled CNTs Enzyme Different pulse
voltammetry

Detection of paraoxon Mahmoudi et al.
(2019)

AChE immobilized on copper
oxide

Cholinergic copper Square wave
voltammetry

Detection of malathion Bao et al. (2019)

AChE E on titanium oxide Cholinergic enzyme Differential pulse
voltammetry

Detection of dicholorvos Cui et al. (2018);
Mishra et al. (2021)

AChE with multiwalled CNTs Enzyme Differential pulse
voltammetry

Detection of paraoxon Mahmoudi et al.
(2019)

AChE on white paper using
indophenol acetate

Enzyme Colored reaction Detection of chlorpyrifos Fu et al. (2019)

SPR Multiwalled CNTs SPR Detection of cymbidium mosaic virus Autonacci et al. (2017)
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nanoparticles, and graphite oxide nanoparticles, and coal
nanotubes (Ahmed et al., 2022). Fullerenes, titanium
nanoparticles, and silicon oxide nanoparticles are sometimes
used in this area. However, polymerases such as polyacrylic
acids, zeolites, and chitosans can also be used for
encapsulation (Malhotra and Ali, 2018). Nanobiosensors can
be made from a variety of mNPs, usually gold and silver.
Among the noble metals, well-known anion nanoparticles
(AuNPs) occur widely, followed by cinnabar nanoparticles
(CuNPs) and captivating nanoparticles (Fe3O4). Hybrid
nanomaterials commonly used in studies include multiwall
carbon nanoparticles (MNCs)/gold nanoparticles (AuNPs),
number dots, nano-sized magnetic beads, cadmium
tetrachloride QDs, and magnetic nanoparticles. observe
confirmable agriculture practices within terms about
nourishment security and capricious application regarding
high microbicides have being highly efficient. Nanobiosensors
can detect pollutants at nanomolar to picomolar levels, including
heavy metals, pesticides, endocrine disruptors, dioxin, biological
oxygen demand and microbial pathogens (Verma and
Rani, 2021).

Carbon and zinc oxide nanomaterials are multifunctional
nanomaterials used in the agricultural industry with high
automatic optics together with synthetic properties, short
virulence, and good biocompatibility (Table 2). Nanomaterials
with good metal properties, such as gold and platinum
nanomaterials, are widely used and have unique sensing
properties (Yu et al., 2021). Nano-selenium has been utilized in
biosensors, and nanoparticle composites such as chitosan/gold
nanoparticles and graphene nanosheets have considerable
potential in agriculture (Bao et al., 2015).

Graphene has a biocompatibility profile that allows for the
chemical functionalization of graphene into metal composites;
graphene-based biosensors have these unique characteristics,
making them excellent candidates for biosensors (Verma et al.,
2022). Some applications of nanofabrication include loamy
standard sensing, vegetation pathogen detection, growth
regulators, pesticide detection, and substantial metal detection
(Ali et al., 2021). The development of sensitive nanobiosensors
necessitates better understanding of the biological interface and
use of optimal bio-conjugation approaches (Verma, 2017).

New cutting-edge technologies are needed to sustain sustainable
agriculture, including nano-based sensors. These provide cost-
effective detection with higher sensitivity in the agro-food sector.
Incorporating nanoparticles and nanostructures into sensors can
significantly improve device performance in terms of length of time
toward sensor reactivity and precision and multi-photon
observation, including flexibility (Butnariu and Butu, 2019).

Nanobiosensors have several uses in the creation of cutting-
edge techniques for organic farming that depends on intelligent
sensing and precise reactions based on the nanobionic methods.
Nanobiosensors may be based on a broad response of a crop in a
whole field. Nanobionics is a mathematical model for sensors that
track the flow of different phytohormones and signaling
molecules (Sharma et al., 2021). Due to their capacity to feel,
analyze, and detect changes, nanobiosensors generally enhance
precision farming that maximizes production while using fewer
chemical fertilizers and pesticides; decisive farm management

provides a correct account of the information gathered from field
or soil conditions.

The main focus of plant pathology research is reducing the
risk of catastrophic crop loss through direct or indirect control of
plant diseases (Li et al., 2020). Foliar and soil application of
fungicides, pesticides, and insecticides can control plant diseases.
However, overexposure to these toxic chemicals can lead to
ecological problems. The long-term application of these
chemicals may also lead to resistant characteristics among the
pathogens. For this reason, simple and fast sensing platforms or
tools have been essential for plant disease management research.
In modern agriculture, biosensors serve as a basis or
nanomaterials can be recycled, while various fast-recognition
biosensing strategies have been developed by researchers,
including electrochemical sensing (ESS), immune-sensing
(IOS), and apta-sensing. Recently, label free electrochemical
biosensor has been developed to detect the LOD of several
drugs resistant strains (PV) Lachryamanial achymania (PS1)
(LOD337CFU/Ml) in assay. The biosensor is based on a 4-
aminothiophenol, glutaraldehyde, and an anti-PSI antibody-
modified gold electrode.

3.1 Nanobiosensors in the detection
of pathogens

Plant pathogens play a major role in declining crop
productivity which could lead to food shortages for humans
and animals alike. Food production is projected to grow 35%–

50% between 2012 and 2050 to meet the needs of the world’s
population—approximately 10 billion people by 2050 (nutriment
and husbandry concern toward the limited sovereign state, FAO
2019). Approximately 16% of the global harvest damage is
attributed to plant microbes (Ficke et al., 2018). The Irish
Potato Famine (1845–1849), was caused by the late blight
infection of potatoes (Goss et al., 2014) caused by
Phytophthora fungus infestation. Other pathogens include
Acidovorax sp., Pseudomonas syringae, Ralstonia
solanacearum, and Leptosphaeria maculans. The scientific field
of phytopathology searches for pathogens. Early diagnosis of
infections was mostly based on their visual manifestation, which
often required several days (Dyussembayev et al., 2021).
However, the use of cutting-edge biosensing techniques such
as nanosensors allows infestations to be managed earlier,
resulting in fewer production losses. The development of plant
treatment of infections can benefit from their accurate
identification (Ali et al., 2021). “Nano-diagnostics” is another
term for these cutting-edge diagnostic techniques. Pathogens that
cause contamination have been found using nanobiosensors.
Nanobiosensor-based gold nanoparticles have been used to
diagnose agro-terrorism chemicals, and gold-based
nanoparticle sensors have been created to detect plant diseases
(Acharya and Pal, 2020).

Detection procedures are contingent upon the oscillatory
generation of DNA segments (deciding the disease-causing
agent) along RPA (recombinant DNA misrepresentation) at
electrodeposition analysis. Another colorimetric detection for
P. syringae has been proposed by Vaseghi et al. (2013) involving

Frontiers in Nanotechnology frontiersin.org06

Virk et al. 10.3389/fnano.2024.1310165

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2024.1310165


the use of thiol-linking DNA gold nano-probes. Colorimetric
detection is based on the color red to violet during the operation
which indicates the worthwhile reaction. A similar colorimetric
detection method was developed for the soil bacterium Ralstonia

solanacearum (the pathogen causing potato wilt disease); no
prior DNA amplification was necessary in this assay, the
microbe’s existence was identified via a direct route amongst
the topsoil representative (Ha et al., 2018). There are also biotic

FIGURE 2
Pesticides used in agriculture.

FIGURE 3
Nanosensors in the detection of pesticides.
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stress markers such as germination block for Arabidopsis seed,
root-pathogenicity for Arabidopsis root, and sweet basil
pathogenicity. Pseudomonas aeruginosa versatile pathogen is
one of the most well-characterized human opportunistic
pathogens. It can be easily identified by a fast, on-the-spot
detection method like aptamer AuNPs to establish ingenious
drift examination (Soundy and Day, 2017).

3.2 Nanobiosensors in the detection of
pesticides

The continuous application of pesticides in agriculture leads to
their contaminating the natural habitat and food chain and other
associated hazards (Figure 2). Pesticides are the chemicals or
biological agents which target pests, weeds, and plant pathogens
(Mfarrej and Rara, 2019). Biosensing approaches with
nanomaterials detect plant pathogens at an early stage and help
in disease management (Thakur et al., 2022). With the aid of novel
diagnostic approaches, nanobiosensors appear a more suitable
analytical method than conventional methods such as standard
chromatographic techniques (Figure 3). Recently, gas
nanosensors were used for the in vivo detection of pheromones
and associated compounds in Euschistus heros (F.) stink bug insects
(Martinazzo et al., 2022). Nanoparticles based on PANI.Ag gas have
been developed to detect the volatiles secreted from insects. Gas
nanosensors are efficient in distinguishing the sex hormones emitted
by male stink bugs. Moreover, they can be a promising alternative
approach to pest management in agricultural crops. Hence, pesticide
detection in agricultural crops is one of the most important factors
for farmers during agri-food production. Carbaryls are the most
widely used insecticides for pest control in agricultural fields. In
addition to their rapid action and short environmental persistence,
carbaryls can also potentially contaminate agricultural land and thus
enter the food chain. These residues have short-term cumulative
effects on aquatic animals such as Lymnaea acuminata (water fish),
Danio rerio (zebra fish), plankton, and other fish (Sunaryani and
Rosmalina, 2021). Carbaryl residues have detrimental effects on the
environment as well as on human health. Amino-modified AuNPs,
blue-emitting silicon quantum dots (SiQDs) and red-emitting
cadmium telluride quantum dots (CdTe QDs) have been
successfully developed to detect carbaryl residues. Fahimi-
Kashani and Hormozi-Nezhad (2016) and Zhang et al. (2023)
have detected organophosphate pesticides with citrate-capped 13-
mm AuNPs, including by hierarchical cluster analysis (HCA) and
linear discriminant analysis (LDA).

Organophosphates have been categorized in toxicology class I by
the U.S. Environmental Protection Agency (EPA).
Organophosphates are widely used to control pests but, due to
their high toxicity, they can enter the food chain, and their
toxicological effects can lead to irreversible phosphorylation
which is later responsible for the inactivation of
acetylcholinesterase (AChE) in the central and peripheral nervous
system. Gold nanoparticle-based biosensors have been successfully
developed to detect five toxic organophosphates (pesticides
including, azinphos-methyl (AM), chlorpyrifos (CP), fenamiphos
(FP), pirimiphos-methyl (PM), and phosalone (PS) at
concentrations of 120–400 ng.mL−1. Various nanomaterials can

be used in the fabrication of biosensors as herbicides, pesticides,
and insecticides, including gold, silver (Jiang et al., 2015; Eskandari
et al., 2022), CNTs (Ivanov et al., 2012), silica-coated carbon dot-
assisted ratiometric fluorescent nanosensors (Ma et al., 2023), and
aptasensors (Verdian, 2018).

Conventional approaches including high-performance liquid
chromatography (HPLC), gas chromatography–mass
spectrophotometry (GCMS), liquid chromatography (LC), and
polymerase chain reaction (PCR); these are effective techniques
for identifying and detecting biological and chemical constituents.
The major drawbacks with these methods are the time consumed
and their expense. Therefore, novel diagnostic techniques require
sensors and transducer elements to ensure efficient detection and
signal binding vents (Anh et al., 2022).

A ratiometric fluorescent nanobiosensor has been developed by
coupling mesoporous silica sphere-coated nitrogen-doped carbon
dots (N-CDs@SiO2) with bovine serum albumin-stabilized gold
nanoclusters (BSA-AuNCs) to detect glyphosates in malt samples
(Ma et al., 2023). This nanosensor detects glyphosates from most
samples with broad detectability in concentrations of 5–100 ng/mL
and high sensitivity with a low detection limit of 3.4 ng/mL. The
versatility of BSA-AuNCs can be applied in the environmental and
food safety fields. A similar non-enzymatic nanosensor has been
developed using carbon-shell silver (Ag@C) nonmaterials for the
colorimetric detection of organophosphorus pesticides, including
CP in agricultural products (Bilal et al., 2022). Cellulose non-
enzymatic nanosensors detect CP with a detection limit of
0.097 ng/mL and quantification limit of 0.293 ng/mL. CP is a
toxic organophosphate pesticide that, when applied to
agricultural land, results in a loss of diversity in beneficial
microflora. CP is resistant to degradation from conventional
approaches and must be quantified for better biodegradation
(Johhn and Shaike, 2015). Another organophosphate pesticide
that can be environmentally harmful is dimethoate, which
inhibits the enzymatic activity of AChE, leading to death in
organisms. It is therefore important to develop highly sensitive
and reliable techniques that monitor pesticide residues in the
environment (Liu et al., 2022). Another example of enzyme-
based nanobiosensors is based on the peroxidase-like activity of
silver nanoparticle-modified oxidized multiwalled carbon
nanotubes (AgNPs/OXMWCNTS). The nanobiosensor has been
used to detect dimethoate organophosphate pesticide. This
nanosensor has exhibited excellent peroxidase-like enzymatic
activity in combination with silver nanoparticles (AgNPs) with a
detection limit of 0.003 μg/mL. This method relies on the easy
detection of dimethoate from water and fruit samples (Hsu
et al., 2017).

3.3 Nanosensors for detecting toxins

Early detection of toxins in food products can be achieved using
conventional methods. However, due to their time-consuming
methods, higher cost and low sensitivity, conventional techniques
have been replaced by designing various kinds of biosensors to
overcome barriers of lower sensitivity (Girigoswami et al., 2021). A
large number of synthetic dyes are generally used in food industries
to color food particles. Metanil yellow and fast green are two widely
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used food dyes which are added to food commodities including chili
powder, sauces, ice cream, soft drinks, and fruit juices. Metanil
yellow is categorized as a type II toxin by the WHO. The overuse of
synthetic food dyes can lead to cancer development, respiratory tract
irritation, skin disease, and the inhibited release of
neurotransmitters. A specially designed glassy carbon electrode
nanosensor (calix8/AuNPs/GCE) can be employed to detect food
toxin dyes. Due to the presence of gold nanoparticles associated with
nanosensors, calix8/AuNPs/GCE activity was found significantly
enhanced. Moreover, the detection limits for metanil yellow and fast
green were found to be 9.8 and 19.7 nM, respectively. (Shah, 2020).
Thus far, disposable colorimetric sensors based on AuNPs and
plasma resonance have been applied to detect the presence of
bacteria and their toxins in milk products, meat, and other foods
(Marin et al., 2021). Lisa et al. (2009) developed a gold nanoparticle-
based dipstick competitive immunoassay for detecting
organochlorine pesticides such as DDT (dichloro-diphenyl-
trichloro-ethane) in food samples. This biosensor can be
effectively used for the on-site detection of DDT in food and
environmental samples. Toxins produced by fungal and bacterial
sources during food fermentation can lead to a multitude of
foodborne illnesses, adverse gastrointestinal disorders, and
cardiovascular aberration. Toxins produced by improper
handling and processing conditions include biogenic amines such
as cadaverine, mycotoxins such as fumonisins, aflatoxins,
ochratoxin A, and zearalenone, and bacterial toxins including
endotoxins, enterotoxins, and emetic toxins (Fayyaz et al., 2022).

Jia et al. (2022) developed a biosensor which can detect ricin,
staphylococcal enterotoxin B (SEB), and botulinum neurotoxin type
A (BONT/A). SiO2-based gold nanoparticles were used to develop
surface-enhanced Raman-scattering lateral flow immunoassay
(SERS-2FIA) biosensor strips. The accuracies for the detection of
ricin, SEB, and BONT/A were 0.1, 0.05, and 0.2 ng/mL. Moreover,
this nanobiosensor can also be used to detect toxins and prevent
bioterrorism attacks.

Okadaic acid (OA) is a marine toxin produced from the
toxicogenic algae of the Prorocentrum and Dinophysis genera.
Eating OA-contaminated shellfish may lead to diarrhea,
vomiting, and DSP (diarrheic shellfish poisoning). OA may be
monitored by single-stranded DNA-binding proteins coupled
with aptasensors. Nanosensors coupled with carbon–gold
nanoparticles along with aptamers can detect OA of 2.5–80 ppb
and even at the lower limit of 0.68 ppb (Kong et al., 2023).

Algal toxins contaminate drinking water and lead to growing
effects on human health and the ecology. Algal toxins such as
microcystins, OA, tetrodotoxin, brevetoxin, and
lipopolysaccharides have been detected with aptamer-
functionalized hybrid nanomaterials (Bilibana et al., 2022). In
recent years, biosensor strategies based on graphene and its
derivatives such as graphene oxide, grapheme QDs, and
graphene-based nanocomposites have been used to detect
microorganisms including prions, viroids, bacteria, fungi,
protozoa, microbial toxins, and microbial sources of antibiotics
(Pourmadadi et al., 2021). Aflatoxin B1 is mycotoxin that has
mutagenic and carcinogenic properties produced from Aspergillus
sp. (Jallow and Govender, 2021). Aflatoxin B1 contaminates food
and agricultural products and can be monitored by aptamers.
However, the aggregation of gold nanoparticles with aptamers

facilitates the binding of aflatoxin B1 and detects mycotoxin
within a detection range of 7 nM (Hosseini et al., 2015). A novel
FRET-based nanobiosensor has been fabricated to detect aflatoxin
B1 in rice and peanut samples using aptamer-conjugated QDs with
gold nanoparticles and a toxin detection limit of 0.34 nM with a
linear range of 10–400 nM (Sabet et al., 2017).

Nanosensors have recently been fabricated to detect water
pollution with the ultra-sensitized detection of toxins using
plasmonic nanosensors functionalized with silver or gold
nanoparticles, which can help detect water toxicants even at very
low concentrations (Brahmkhatri et al., 2021). Salmonella
typhimurium, E. coli O157:H7, and Staphylococcus aureus are
foodborne pathogens responsible for major foodborne outbreaks.
High-affinity gold nanoparticle-conjugated aptamers and
streptavidin-conjugated aptamers have been designed to detect S.
typhimurium, E. coli O157:H7, and S. aureus within 10 min (Lu
et al., 2020). E. coli O157:H7 is one of the most widespread
pathogens for food contamination and the spoilage of dairy
products (Yang et al., 2021). Single-strand DNA-aptamers
synthesized with gold nanoparticles have been designed to detect
E. coli O157:H7 from milk samples. Highly sensitized aptamer-
exonuclease III-assisted with lateral flow assay (LFA) has high
sensitivity to E. coli O157:H7 with a detection limit of 8.35 ×
102 cfu/mL in milk samples (Ren et al., 2021).

4 Types of nanosensors in agriculture

4.1 Vitamin-based sensors

Recent advance in nanosensor technology are vitamin-based
sensors, catechol sensors, and hydrogen peroxide sensors. Vitamin-
based sensors are innovative devices that use vitamin molecules to
detect and monitor specific substances at nanoscale. These
nanosensors leverage the unique properties of vitamins for
targeted detection, offering potential applications in fields such as
diagnostics, environmental monitoring, and healthcare. These are
electrochemical sensors which detect both water- and fat-soluble
vitamins via electrochemical oxidation and the reduction reaction of
vitamins in electrolytes (Huang et al., 2021). With changing
lifestyles, vitamin D deficiency is becoming more common, and
sensors for this vitamin are currently needed. Various techniques
have been employed for the early detection of vitamins, including
fluorescence spectroscopy, surface-enhanced Raman spectroscopy,
SPR, capillary electrophoresis, ultraviolet-visible spectroscopy, and
ultra-performance liquid chromatography electrospray ionization
multiple reaction monitoring/mass spectrometry (UPLC-ESIMRM/
MS) (Yang et al., 2022). Being highly discerning and resolute, these
methods possess some disadvantages such as high time
requirements, higher costs, and highly complex processes. A
novel antibody-free, CNT-based, highly responsive vitamin
D3 sensor has been developed by Bora et al. (2022). Biogenic
metals/metal oxide-based nanoparticles have wide utility in
agriculture with antimicrobial action, monitoring plant stress,
and detecting pesticides. Singh (2021) synthesized bio-inspired
triangular zinc oxide nanoclusters from the leaf extract of
Argyreia nervosa to electrochemically determine vitamin C.
Electrochemical sensor-based ZnO NCs have been highly
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beneficial in combating bacterial diseases in rice crops, including
both Gram-positive and -negative bacteria. The electrochemical
deposition of bT-ZnO NCs into indium tin oxide (ITO) glass
substrate has analyzed the electrochemical oxidation of vitamin C
with a very high electrochemical sensitivity of 29.88 µAcm−2 and low
limit detection of 0.5321 mM. Since plants can tolerate a high range
of pH levels, it is more challenging to develop sensors for the in vivo
monitoring of bioactive chemicals in plants. Liu et al. (2019)
reported the in situ detection of vitamin B6 and melatonin in
plants using a highly sensitive and sustainable plant sensor. An
electrochemical sensor constituted with a CuO-poly(L-lysine)/
graphene-sensing electrode recognized melatonin and vitamin
B6 levels in plants with an average sensitivity of 0.076 μAμM−1

cm−2 for melatonin and 0.230 µAµM−1 cm−2 for vitamin B6.
CuO-poly(L-lysine) has significant practical effectiveness for
tracking plant growth processes and examining the constituents
of agricultural products to determine melatonin and vitamin B6 in a
variety of fruits.

4.2 Catechol-based sensor

A catechol-based sensor can detect changes in plant health by
measuring various parameters such as pH, conductivity, or specific
ion concentrations in the plant’s environment. The sensor reacts to
biochemical changes associated with plant stress, providing valuable
insights for monitoring and maintaining plant health. Catechol-
based sensors often rely on the interaction of catechol compounds
with metal ions. In the presence of stress-induced changes in plant
physiology, these interactions can be altered, leading to measurable
variations in the sensor’s output. This allows for the real-time
monitoring of stressors that affect plant health, aiding in timely
intervention and care (Wang et al., 2023). Catechol-based biosensors
have a number of potential applications in agriculture. For example,
they can be used to help to ensure food safety, protect consumers
from exposure to harmful chemicals, and monitor fertilizer levels in
soil and water, which can help prevent over-fertilization, pollution of
waterways, and crop damage. This can help prevent the spread of
disease and protect crops from damage. Li et al. (2023)
demonstrated the potential of catechol-based biosensors to detect
a wide range of important targets in agriculture. These biosensors
are sensitive, selective, and stable, making them suitable for field
applications. A catechol-based biosensor for detecting glyphosate, a
widely used herbicide, was constructed by immobilizing a
glyphosate-specific aptamer onto a gold electrode modified with
catechol. The biosensor was shown to be highly sensitive and specific
for glyphosate and could be used to detect glyphosates in a variety of
samples, including food, water, and soil. The detection limit of the
biosensor was 0.1 ng/mL, and the linear range was 0.1–100 ng/mL.
This biosensor could be used to improve food safety and protect
consumers from exposure to glyphosate (Wang et al., 2022). One of
the most promising applications of catechol-based biosensors is in
detecting pesticides. Catechol-based biosensors can be used to detect
a wide range of pesticides, including organophosphates, carbamates,
and pyrethroids. These biosensors are typically based on the use of
enzymes that are inhibited by pesticides. For example, one study
developed a catechol-based biosensor to detect the organophosphate
pesticide malathion. The biosensor was based on the use of the

enzyme AChE, which is inhibited bymalathion. The biosensor could
detect malathion at concentrations as low as 10 nM (Tsong and
Khor, 2022). It was based on the use of the enzyme glyphosate
dehydrogenase, which converts glyphosate into a fluorescent
product. The biosensor was able to detect glyphosate at
concentrations as low as 10 nM (Liu et al., 2019). Catechol-based
biosensors can be used to detect a variety of fertilizers, including
nitrogen, phosphorus, and potassium. Zhang et al. (2023) developed
a catechol-based biosensor for detecting nitrogen fertilizer nitrate
using the enzyme nitrate reductase, which converts nitrate to a
fluorescent product. The biosensor could detect nitrate at
concentrations as low as 10 nM.

4.3 Hydrogen peroxide-based sensors

Hydrogen peroxide (H2O2) is a very important compound involved
inmany oxidative physiological processes (Smirnoff andArnaud, 2019).
This molecule, the superoxide anion, and the hydroxyl radical (OH) are
commonly known as free radicals and are from a class of compounds
called reactive oxygen species (ROS) (Sies, 2017). H2O2 is also a
contaminant in many foods, pharmaceuticals, and environment
processes. The human body cannot efficiently process it, so H2O2

excess can lead to a pathological condition known as oxidative stress
which can damage cellular lipids, proteins, or DNA. H2O2 is a versatile
chemical that has a wide range of applications in agriculture. It is a safe
and effective way to control pests and diseases, promote plant growth,
and improve soil health. One of the most common uses of H2O2 in
agriculture is pest control. According to Daughtrey and Buitenhuis
(2020), H2O2 can be used to control a variety of pests, including aphids,
spider mites, whiteflies, and fungus gnats. It can be applied as a foliar
spray or soil drench and can be used to control a variety of plant
diseases, including powdery mildew, downy mildew, and black spot.
H2O2 can be applied as a foliar spray or soil drench. It can be used to
promote plant growth by increasing root development and nutrient
uptake and can be applied as a foliar spray or soil drench. H2O2 can be
used to improve soil health by killing harmful bacteria and fungi and
increasing the activity of beneficial microorganisms. In plants, H2O2

acts as a signaling molecule that facilitates various biochemical and
physiological processes under both stressful and stress-free conditions
(Yan et al. 2022). H2O2 is also pivotal in improved growth,
photosynthetic capacity, and antioxidant protection. However, H2O2

can have many harmful effects on plants and food, so its detection is an
important goal of clinical and industrial research. This highlights the
critical need of precise H2O2 detection in healthcare and food safety,
where the use of electrochemical sensors can enhance detection limits.
Nonetheless, there are as yet few commercial biosensors that are utilized
for biological and food detection (Erkmen et al., 2022). These are the
primary constraints that electrochemical H2O2-detecting sensors
currently face. Ag nanomaterials have attracted increasing attention
due to their quantum characteristics including large specific surface
area, easy preparation, and small granule diameter (Shafa et al. 2023).
Furthermore, Ag nanomaterials exhibit the highest thermal and
electrical conductivity and are widely used in electronics, photonics,
biological labeling, and sensor fabrications. Thus, Ag nanoparticles are
also frequently employed to construct H2O2 biosensors based on heme
proteins, modifying the platinum electrode with the matrix of polyvinyl
butyral, Ag colloid, and HRP. Using Co (bpy)33+ as the mediator, the
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resulting biosensor displayed an excellent electrocatalytic response to
H2O2. The presence of Ag nanoparticles provided a biocompatible
microenvironment for HRP, and the resulting biosensor exhibited
obvious electrocatalytic behavior toward the H2O2 reduction.
Carbone et al. (2019) have proposed a simple method for the
synthesis of AgNP−PMMA and also studied the formation of
nanoparticles using a UV-vis spectrometer, measured nanoparticle
size and their size distribution using the TEM technique, and
confirmed the crystalline nature of formed nanoparticles using
SAED patterns. Au nanoparticles are used in enzyme-based
biosensors and non-enzymatic H2O2 sensors due to their ability to
provide a friendly microenvironment for immobilized enzymes and act
as a conducting tunnel. Different Au nanostructures such as
nanocrystals, nanospheres, nanorods, and nanoporous have been
used for sensitive and selective H2O2 detection (Liu et al., 2020).
Optical nanosensors monitor plant signaling molecules that
communicate and trigger plant stress responses through
epifluorescence microscopy of H2O2 and nitric oxide (NO) in leaf
sections and remotely detect glucose in algae and whole plants (Lew
et al., 2020). Under the highest stresses, including light, heat, salinity,
wounding, and accumulating H2O2 in plants (Fichman et al., 2019),
H2O2 nanotechnology-based sensors can detect H2O2 within the plant’s
physiological range of 10–100 µm (Giraldo et al., 2019).

5 Nanobiosensors in soil improvement

5.1 Detection of microbial contamination by
nanobiosensors

Micro- and nanotechnologies have attracted recent attention
and assumed a leading role in the struggle against bacterial
infections. Nano-mechanical, CMOS, wearable sensors, and
photonic crystals are recent innovations that show the
tremendous potential for addressing the primary shortcomings of
current approaches. Recent reviews of analytical and developing
methods for bacteria identification and antibiotic susceptibility
testing (AST) have been published. Due to its high integration,
multiplexing capabilities, exceptional sensitivity, and quick reaction
compared to other technologies, nano-mechanical sensors have
generated much attention among developing technologies (Pujol-
Vila et al., 2020). Nanobiosensors, a novel class of sensors, have
exceptional abilities in detecting microbial contamination by
tracking a wide range of variables, including temperature,
humidity, gas composition, and microbial agents (Willner and
Vikesland, 2018; Wlodkowic and Karpiński, 2021). By seamless
integration into food packaging materials, nanomaterials can
enable the continuous and real-time monitoring of food quality
and safety, which can transform food safety (Wlodkowic and
Karpiński, 2021). Nano-mechanical sensors have successfully
detected numerous pollutants in water, including bacteria, in
practical applications (Salouti and Khadivi Derakhshan, 2020).
The particular type of sensor used determines how
nanobiosensors for microbial contamination detection work. The
fundamental idea, however, continues to be the same: the sensors
detect changes in their surroundings brought on by the presence of
microbial organisms. Some of these sensors use bioactive chemicals
or antibodies that have a specific affinity for certain microbes,

enabling targeted detection. Others rely on nanoparticles that, in
reacting to the presence of microbial organisms, experience changes
in their electrical or optical characteristics, so generating a detectable
signal (Nile et al., 2020).

5.2 Nanomaterial-based biosensors for plant
pathogen detection

Electrochemical biosensors can be divided into two categories
for their biorecognition components: biocatalytic or biocomplexing.
Enzymes are commonly used in biochemical sensing applications as
biorecognition components, but they are typically employed as
labels in the detection of pathogens through a secondary binding
stage (Choi et al., 2018). This is how analytes interact with
macromolecules or how ordered molecular assemblies trigger a
response in a biosensor—influenced by various factors such as
assay design, biosensor performance (e.g., sensitivity and LOD),
volume, material qualities, the composition of the pathogen-
containing sample, and the specific application. All these factors
help determine the optimal measurement format (Jeerapan et al.,
2020). Functionalized electrodes can be employed in a range of
electrochemical techniques for detecting pathogens. These
techniques include amperometric, conductimetric, potentiometric,
ion charge/field effect, and impedimetric methods. The measured
signal is often used to classify the type of electrochemical technique
used for pathogen detection, with signals being applied either
continuously or intermittently (Saxena et al., 2018). The
relationship between the recognition of virus-related elements
and proteins is linear up to 50 viral elements per 100 mL−1(R2 =
0.93) and 53 pgml−1(R2 = 0.99) at pH 7, with extremely low
detection limits of approximately two viral particles per 100 mL
and 4 pgml−1—similar to the sensitivity of PCR methods. The
relative standard deviation (RSD) for viral RNA detection in
whole serum samples was found to be 6.9%. Wan et al. (2011)
developed reduced graphene sheets with impedimetric immuno-
sensor technology for bacteria detection (Chen et al., 2016). The
most common types of optical biosensors developed for detecting
plant pathogens include calorimetric biosensors, SPR-based
biosensors, and fluorescence-based assays (Khasili et al., 2018;
Umapathi et al., 2022). Colorimetric biosensors can quickly
detect harmful bacteria in 10–15 min by observing a color
change in the samples. The assay can be conducted in a flat- or
solution-based format. A machine-learning approach was developed
by Wahabzada et al. (2016) to characterize hyperspectral reflectance
signals across net blotch, powdery mildew, and brown rust
pathogenesis in barley (also Lei et al., 2022). This presents the
potential for creating a new type of spectral library that outlines the
health and illnesses of plants based on their spectral properties.
Collecting hyperspectral signatures of plants would have wide-
ranging advantages and create opportunities for non-experts to
benefit from this field (Table 1).

5.3 Plant–soil–microbe interaction

The interaction between plants, soil, and microbes is very
complex and varies from symbiosis to mutualism, depending on
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the type of association microbes have with plants and soil.
Understanding the mechanisms of these interactions is highly
desired because, with increasing world global demands for food,
agriculture must undergo some radical changes in order to remain
stable, sustainable, and economically friendly. The aim of
sustainable agriculture is to refrain from using chemical
pesticides and fertilizers which worsen the health of humans,
animals, and plants (Chodak et al., 2016). Plants have complex
interactions both below and above ground which serve for their
mutual benefit. Microbial colonies present on plants above ground
can be categorized into epiphytes, endophytes located inside the
plant, phyllospheric microbes growing on leaf surfaces, and
rhizospheric microbes of the roots. Among these, rhizospheric
association is considered the most dynamic association of plant
and microbes that significantly impacts the nutritional status and
growth of the plant (Bakker et al., 2013; Lakshmanan et al., 2014).
Plant growth-promoting rhizobacteria (PGPR) and other pant
growth-promoting microbes (PGPMs) promote plant growth by
producing siderophores, antioxidants, stress resistance response,
and nutrient acquisition for plants from the soil (Kumar and
Verma, 2018). Plants and soil benefit directly or indirectly
through associated microbes: not only do soil microbes improve
plant health but plant-associated microbes improve soil health.

During plant and rhizospheric colonization, many microbes and
microbial communities regulate plant development and greatly
influence root systems. The complex interaction among
rhizospheric microbes is required for plant growth (Bonfante and
Anca, 2009). Microbial diversity in soil is measured by traditional
methods and conventional sensors.

5.3.1 Innate microbial nanowires as sensors
Microbes on their own also produce various types of

sophisticated nanomachines, such as bacterial flagellar
nanomotors, which are composed of numbers of innate proteins
(Chalmeau et al., 2009). These are used as the building blocks for the
construction of nano-devices including sensors and drug-delivery
vehicles (Petrov and Audette, 2012). Peptide nanotubes are used as
casting modulates or biotemplates for the synthesis of metal
nanowires (Scanlon and Aggeli, 2008). Extracellular electrically
conductive protein nanofilaments or microbial nanowires
(MNWs) discovered in numerous anaerobic and aerobic
microorganisms are used in the sensing and detoxification of
metals. MNWs can facilitate electron transfer between microbial
cells, such as metal-reducing bacteria like Geobacter sulfurreducens.
These MNWs help transfer the electrons to metals which act as
electron acceptors, even though they are at distance, without the
need of direct cell attachment (Reguera et al., 2005). With the metal-
oxidizing bacteria Acidithiobacillus ferrooxidans, these MNWs
possess the ability to transfer electrons to the cell surface,
allowing the accessibility of electron donors at a distance (Li and
Li, 2014).

5.3.2 Nanomaterials for microbial sensing
Several nanoparticles have been exploited in the construction of

biosensors as probes to interact with the target analyte or have been
used as transducers to measure the binding event and for the
quantification of signals. Nanomaterials that have been
investigated for the detection of microbes include CNTs, mNPs,

QDs, silica nanoparticles, and up-conversion nanoparticles
(UNCPs). These materials are easily malleable to nano-sized
structures, conferring superior properties, specifically for
biosensing applications (El-Ansary and Faddah, 2010).

To begin with mNPs, gold nanoparticle-based optical sensors
have been developed for detecting Karnal bunt disease in wheat
(Singh et al., 2010). These gold nanoparticles have also been used in
the construction of probes to identify pathogenic bacteria using
DNA-microarray technology (Taton et al., 2000). Magnetic
nanoparticles have been used as contrasting agents in magnetic
resonance imaging and as immunomagnetic separators for nucleic
acids, proteins, viruses, and bacterial cells (Abd-Elsalam et al., 2019).
The use of magnetic nanoparticles ensured specific binding to
Mycobacterium spp. (Kaittanis et al., 2007). UNCP-based
biosensors have been used to detect a consortium of three
microbes present in food and the environment (Wu et al., 2014).

6 Nanotechnology challenges in
agriculture

Nanotechnology has provided solutions to mitigate the
challenges of existing agriculture practices. The fundamental
components of nanotechnology are nano-tools and nano-devices.
Nano-tools are different types of nanomaterials—carbon-based
nanomaterials, mineral nanoparticles, and metal and metal oxide
nanoparticles—which have very high surface areas (Lowry et al.,
2019). Nano-based devices have improved existing plant breeding
and genetic transformation technologies. It has also been reported
that engineered nanomaterial (ENM)-based agricultural practices
can acclimatize to fluctuating environmental and ENM-based
climatic conditions (Mittal et al., 2020). ENMs coated with
molecular recognition elements such as aptamers or antibodies
help the targeted delivery of nutrients. This increases crop yield
by minimizing adverse impacts on the environment and also leads to
the sustainable use of nutrients. By enhancing targeted delivery,
these ENMs improve agricultural practices and overcome issues
with conventional and modern agricultural practices of
agrochemicals and their efficient utilization and management. ENMs
have shown promising sustainable applications in agricultural practices
in the design of nanoscaled agrochemicals (Gilbertson et al., 2020).
ENMs can improve agricultural sustainability by (i) improving soil
texture by restricting the use of nitrogen fertilizers; (ii) coating seedlings
with Zn and Cu nanoparticles, thus augmented seed germination rates
in comparison to conventional practices with potassium chloride,
potassium nitrate, and polyethylene glycol (PEG), which have high
embodied energy; and (iii) foliar spray of ENMs, including nano-Zn,
ZnO, and TiO2, which have also increased crop productivity by the
efficient targeted uptake of agrichemicals. ENM-based foliar treatment
increases crop productivity by augmenting the photosynthetic efficiency
of crops by preventing the effect of abiotic stresses on the photosynthesis
rate, elevating chlorophyll quantity, increasing light absorption
efficiency, scavenging reactive oxygen species, and supporting
effective electron transport system (Lowry et al., 2019). High
photosynthetic rates have sometimes been found to lower the
nutritional value of food. Therefore, spraying iron, zinc, and silica
micronutrients with ENMs maintains high nutrient content in foods.
Moreover, modifying the surface chemistry of ENMs improves their
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adherence to leaves and thus increases nutrient uptake efficiency by
cuticle and mesophyll cells. Moreover, these ENMs have been used in
the fabrication of sensing devices to evaluate the health of crops in high
spatial and temporal resolution (Giraldo et al., 2019). Bartolucci et al.
(2020) have reported the tremendous applications of distinct types of
green nanoparticles in agricultural systems. Various plant sources have
been employed to synthesize green nanoparticles, which have been
documented to have diverse agricultural applications such as
nanofertilizers, nanopesticides, plant development processes, and the
regulation of plant hormones.

6.1 Limitations

With advancements in nanomaterial utilization, nanoparticles
can be coupled with a variety of micro- and macromolecules for a
better detection system. Nanomaterials have shown great promise in
applications including medical diagnostics, food safety, detecting
contamination, and environmental monitoring. Despite their
potential to detect nutrient deficiency and diseases in plants,
there are some major limitations and challenges that should be
addressed. One of the major limitations of nanomaterial-based
sensing systems is high cost and product sensitivity.
Nanomaterials and components used to fabricate nanosensors
such as CNTs, graphene, or nanoparticles are much more
expensive. High material costs contribute significantly to the
overall cost of manufacturing nanosensors. Another limitation is
associated with the toxic nature of nanomaterials, and their size,
structure, composition, and surface-to-volume ratio. The large-scale
fabrication of nanocomposites is quite challenging. Therefore,
investment and infrastructure will be required to ensure their
uniform coverage across sizeable agricultural landscapes. The
synthesis of nanomaterials embraces the sensitivity and stability
of the raw materials used. Nanosensors frequently experience
difficulties in reducing the interference generated from
environmental factors such as electromagnetic sensors. This
sensitization could produce false readings and undermine the
veracity of the information collected. Apart from scalability and
sensitization, challenging with existing sensors are power consumption,
biocompatibility, durability, and integration with the existing systems.
Some nanosensors, including nanoscale gas sensors, biological sensors,
nano-mechanical sensors, semiconductor nanostructure nanosensors,
and electrochemical nanosensors often require considerable power
consumption for long-term applications. Therefore, the development
of low-powered energy-efficient sensors is required. Another challenge
associated with nanosensors is related to their durability in harsh
environmental conditions, including high temperature and humidity.
Increased temperature, humidity, and soil chemicals may affect the
performance and longevity of nanosensors. These challenges can be
mitigated by a combination of careful design, protective measures, and
appropriatematerials such as encapsulating nanosensors, robust design,
remotemonitoring, and vacuum packaging. Anothermajor challenge is
that the deployment of these sensors can raise ethical and privacy
concerns; the collection of data can be regulated by standardized
guidelines and regulations.

6.2 Environmental risks associated with the
use of nanobiosensors in agriculture

Although nanobiosensors are a promising tool to ensure
agricultural sustainability and viability, they still face many
challenges. One is that use of nanomaterials is associated with
ecotoxicity due to unique properties such as structure, size,
surface-to-volume ratio, and composition. Their impact on the
environment should thus be assessed accurately in terms of dose
accumulation, immune responses, retention time, and size (Prasad
et al., 2017). Considering their potential environmental impact, it is
necessary to examine the manufacturing utilization and end-of-life
disposal of nanomaterials used to produce nanobiosensors. This type of
risk assessment is considered a life cycle assessment (LCA) and includes
the production of nanomaterial-containing products, their use, disposal,
and such end-of-life stages as reuse, recycling, recovery, and final
disposal. To overcome toxicity concerns associated with
nanomaterial exposure in occupational settings, greater
standardization of regulations is needed relating to exposure limits
and safety controls. The potential impact of nanobiosensors on the
environment is also associated with the intentional and unintentional
release of nanoparticles in waste streams. Nanomaterial waste from
nanobiosensors can also originate from the disposal of spent devices in
landfills and leachates associated with such disposal. In order tomitigate
possible risks associated with the disposal of nanobiosensors, reuse and
recycling methods should be explored. Traditional recycling techniques
include separation by centrifugation and solvent evaporation.
Alternative methods include the use of molecular antisolvents,
pH or thermal responsive materials, and magnetic fields. Strategies
for reducing and controlling the toxicity of nanoparticles are also
needed; current strategies include coating, encapsulation, loading,
grafting, and doping of nanomaterials used to produce
nanobiosensors (Kelli et al., 2022). Another challenge to overcome is
the fabrication of miniature forms that resolves their portability. For
instance, if nanobiosensors can be successfully associated with
information technology, farmers in the remote areas will also benefit
from lower costs, improved productivity, and better understanding
about disease outbreaks. Farmers will also best be able to utilize natural
resources like soil, water, and other climatic factors. Deriving novel
nanomaterials from waste biomass can provide a cost-effective
alternative solution. Moreover, the commercialization of
nanobiosensors is also linked with risk factors such as (a) initial
applications that could act as substitutes for agricultural
commodities which might be disastrous for the economies of
developing countries; (b) variable import regulations in different
nations that could obstruct nano-product expansion; and (c)
nanotechnology could have a negative effect on the poor by
increasing productivity in developed countries, leading to decreased
commodity prices in developing countries. A solution could be properly
labeling nano-products in certain developed countries whichmight lead
to technology consumption and regulations in developing countries
(Vineeta and Sachin, 2013). A major challenge yet to be resolved is
transforming nanobiosensors from prototypes to commercial products.
For this reason, field-scale trials need to be assessed and nanobiosensors
perform in real applications (Kaushal and Wani, 2017).
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6.3 Challenges associated with
implementing nanobiosensors in different
farming settings

Nanobiosensors have potential in the food and agriculture
sectors in remote locations when they are effectively connected to
information technology, resulting in reduced expenses, increased
output, enhanced awareness of disease outbreaks, and better
utilization of natural resources such as soil, water, and climatic
conditions. The costs associated with the fabrication of
nanobiosensors are still a challenge and they need to be lowered.
For this reason, other less expensive biological components may be
used, such as cells or enzymes, novel matrices for stabilization, and the
use of chitosan for the immobilization of nanomaterials to improve the
stability and reusability of nanobiosensors (Alvarado et al., 2019). The
efficient utilization associated with validamycin of nano-silica is for the
regulated pesticides dissolved in water. Nanoscale silica combined with
methyl methoxysilane can act as a nanofungicide to fight mildew and as
an inhibitor of plant growth division (Huang et al., 2015). Biosensor
nanotechnology technology has made recent advances in addressing
challenges in agriculture. Reduced stress, efficient use of resources, and
crop loss due to environmental and pathogenic stresses are some of the
challenges faced by plant farmers. Smart plant sensors increase plant
yield by maximizing the use of agrochemicals and water distribution.
Real-timemonitoring of the physiological and developmental responses
of plants requires new technologies. Plant chemical signals are
converted into digital information by means of nanomaterials in
such new technologies that can be observed via electronic tools such
as biosensors (Giraldo et al., 2019).

The food and agricultural industries make extensive use of
nanotechnology. However, due to their extremely small sizes and
their ability to enter the body, nanomaterials present a number of
safety concerns (Rajput, 2022). The main reason is the small size
and larger surface area of nanoparticles, which are easily
dispersible and can penetrate cells to reach any part of the body
and be potentially toxic (Dasgupta et al., 2015). According to
Moustafa et al. (2019), both environmental factors and the release
of inserted nanomaterials from polymeric textures into the
environment can cause nanocomposites to degrade. Certain
types of food packaging, such as low-density polyethylene, lose
their strength when exposed to humidity, UV light, or other
environmental factors (Han et al., 2018). Low-density
polyethylene samples oxidize when exposed to UV light or their
thermal, physical, and structural properties are significantly
modified. High health risks for farmers result from the use of
pesticides and nano-fertilizers in the agriculture sector, which can
end up in the soil, water, or atmosphere (Roohinejad and Greiner,
2017). Rajput et al. (2020) expect that the accumulation of
nanoparticles in the soil will impede plant growth and
potentially accumulate in edible plant tissues. Nanoparticles can
cause oxidative harm and provocative reactions, and wasted
nanoparticles could be toxic (Han et al., 2018). The main
mechanism through which nanotoxicity is mitigated is the
massive generation of free radicals, which leads to oxidative
anxiety and ultimately impairs cells’ ability to perform routine
biological redox-regulated functions (Pathakoti et al., 2017).
Several studies have explored the antibacterial features of
silver nanoparticles. Silver, although a heavy metal, can cause

toxicity when present in high concentrations by denaturing the
body’s proteins and enzymes; its migration threat was estimated
by Li et al. (2017).

6.4 Potential advances in nanotechnology
for disease protection, detection, and
management in agri-food sectors

Recent advancements in nanotechnology may greatly
revolutionize disease protection, prevention, and management.
Although some advances are still in the initial phases of research
and development, the following disciplines may see future
revolutionary developments.

Nanotechnology offers potential advancements in the agri-food
sector, including the monitoring of soil conditions, nutrient levels,
and microbial activity. Nanomaterials can enhance the effectiveness
of pesticide delivery via nanoemulsions, polymer-based
nanopesticides, and metal/metal oxide nanoparticle-based
pesticides, thereby reducing the quantity required for pesticides
to be effective (Zhang et al., 2023). Nanosensor-enabled drones can
provide valuable data on crop health and pest infestations
(Vaseashta, 2020). Soil and water remediation can be
accomplished with nanoparticles, including carbon metal, metal
oxide, and other nanocomposites (Rahman et al., 2023). Apart from
the above advances, nano-coatings on seeds before sowing can
protect crops from pest attack and pathogenic microorganisms.
Furthermore, metal-phenolic network (MPN)-coated microbes help
improve seed germination, build resilience against environmental
stressors, and promote beneficial soil microflora under delicate
conditions (Burke et al., 2023). Another possible advance in
nanotechnology is in food packaging, where nanocomposites can
enhance the barrier potential and extent the shelf life of
packed foods.

Research on nanoscale devices is revolutionizing agriculture in
monitoring animal health. Similarly, drug-delivery technologies that
include nanoparticles are experiencing rapid growth in delivering
nutrients to plants and providing controlled targeted release of drugs
(Patel and Geed, 2024). The use of nanofertilizer is an important step
in allowing the delivery of nutrients directly to plant cells, improving
the efficiency of nutrient uptake, and reducing the environmental
impact of traditional fertilizers (Singh et al., 2024). Similarly,
nanoencapsulation is another subfield of nanotechnology that has
broad-range application. Plants benefit from nanoencapsulation and
gradually release nutrients that utilize nanoparticles, supplying them
with ample nutrients for long-term use.

6.5 Future nanobiosensor development

In order to reduce food waste, the world’s enormous annual food
output must be appropriately managed, stored, or processed into
value-added goods. Advanced packaging technology has now
progressed to include a controlled gaseous microenvironment.
Food is packaged intelligently to detect changes in its interior
components across time and space, in addition to extending its
shelf life (Yang et al., 2021). Biosensors for food packaging can
function in particular physical–chemical conditions in the packaged
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microenvironment. Their widespread application in this sector has
some limits. Such devices need to work in wide temperature ranges,
humidity, exposure to light, and gaseous concentrations. Fast
responses and high throughput are required for the real-time and
online identification of improperly sealed packets. Many types of
biosensors integrated for intelligent packaging have been realized
but not commercialized due to limitations of high sensitivity and
reversibility. When integrated with direct biosensing, intelligent tags
and stickers can be placed inside packaging to reflect the
deterioration of the packed material over time. This allows any
smart packaging to communicate directly with the consumer
through electronic devices that offer visually appealing and easily
comprehensible indicative information (Belgacem and Bras, 2016).
Biosensor developments have had several phases. In previous
generations, the biocatalyst and transducers were initially
separated; later, they were integrated so closely that the removal
of one had an impact on the operation of the other. With today’s
biosensors, a mediator is not necessary. The enzyme is directly
decreased on their electrode surface (Zeinhom et al., 2018).
Biosensors have created a new entry point into smart and
precision agriculture for the whole agricultural community,
including farmers, researchers, and end users. Agricultural
biosensors can be categorized according to the kind of
biorecognition system utilized. Biorecognition systems that are
often employed include complementary sequences in nucleic
acids, enzyme–coenzyme–substrate, and antibody–antigen.
Furthermore, tissue, plant, animal, and microbe cells can all be
utilized as biorecognition components. Multiple fungicides are
sprayed in liquid or powder form on horticultural crops
(Silins, Korhonen, and Stenius, 2014), cereals (Dork and
Anastassiades, 2017), oil seed crops, floriculture produce, and
even fodder crops (Kotinagu and Krishnaiah, 2015) like cotton
and grass during post-harvest operations. However, because
these substances block AChE, they also pose a risk to human
health because they can result in intellectual and cognitive
problems and may result in death (Chen et al., 2016). The
future of nanobiosensor development for agriculture holds
immense potential, and computational biology, including
machine learning and deep learning, will play a crucial role in
unlocking its full potential (Magarelli et al., 2023).
Computational modeling can help predict and optimize these
interactions, leading to more effective sensors (Swierczewska
et al., 2012). Machine learning algorithms can analyze the vast
amount of data generated by nanobiosensor networks deployed
in the field. This can enable the real-time monitoring of soil
health, plant stress, and pest outbreaks, thus facilitating proactive
interventions (Buja et al., 2021). Integrating sensor data with
weather and environmental data can enable deep learning models
to predict crop yields, optimize irrigation and fertilization, and
provide early warning of disease outbreaks (Elbasi et al., 2023).
Smarter sensor systems using ML in real-world sensor
applications may effectively implement ML “smart” models
with proven data processing power and the analysis of massive
amounts of data points, intelligent systems, and chemical and
biological sensing for detecting physical and chemical properties
of target items or the surrounding surroundings. By combining
nanobiosensors with IoT and robotics by connecting the former
to wireless networks and integrating them with robotic systems,

automated precision agriculture can be rapidly realized;
applications of smart IoT-based technologies have opened up
many new possible technical developments in all areas of life. IoT
technologies are widely regarded as one of the fundamental
pillars of the fourth industrial revolution due to their great
potential for innovation and societal benefits. The IoT is a
new internet-based technology that promises to connect
physical devices like industrial equipment and home
appliances or “things” (Haseeb et al., 2019). It allows the
targeted application of pesticides and fertilizers, thus
minimizing waste and environmental impact. Machine
learning algorithms can analyze data from nanobiosensors and
other sources to generate targeted recommendations for farmers
on irrigation, pest control, and nutrient management,
empowering farmers to make data-driven decisions and
improve their productivity (Ha et al., 2020). Automatic
robotic harvesters work on the control unit design of image
space where the controller guides the harvester on the sloping
ground. It is already commercially feasible to harvest tomatoes,
cherry tomatoes, cucumbers, strawberries, watermelons, and
grapes with robots (Fountas et al., 2020).

6.6 Design and fabrication of biosensing
devices for biomarker diagnostics

Microbial sensors have the potential to offer a wide range of
biomarker sensing applications in vitro and in vivo; for example,
creating a novel synthetic receptor platform called Engineered
Modularized Receptors Activated by Ligand-induced
Dimerization (EMeRALD), which allows various ligand-
binding domains to be fused to an E. coli-derived synthetic
receptor scaffold. Within 2 h, the developed sensors can
identify abnormal bile salts as biomarkers in human serum
samples with excellent sensitivity and specificity using zinc-
responsive transcription elements and isopropyl ß-D-1-
thiogalactopyranoside-inducible elements in E. coli produce
two-input zinc-sensing WCSs that could synthesize colorful
pigments in response to zinc concentrations ranging from
0.1 to 1.0 mm (Chang et al., 2021).

6.7 Conclusion and future perspectives

Nanobiosensors have revolutionized the development of
biosensors. These sensors have become more usable due to
their high accuracy, stability, and reactivity. Advanced
nanobiosensors enhance detection through their sensitivity
and are used as a diagnostic tool for soil quality, for detecting
pathogens, and in disease assessment, and have thus become
agents for promoting sustainable agriculture. The disciplined use
of these advanced nanobiosensors helps promote sustainable
agriculture, the detection of pathogens, and thus improve
plant and soil health and eventually enhance crop
productivity. Nanobiosensors are being increasing utilized in
agri-food industries.

The future of nanobiosensors in agriculture holds great
potential for enhancing crop productivity and sustainability.
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Nanobiosensors can be applied to detect pathogens and
pesticides in plants, soil, and water. By integrating
nanotechnology with biosensing capabilities, nanobiosensors
can provide real-time monitoring of nutrient levels, pesticide
residues, and the presence of diseases in agricultural crops.
However, the application of nanobiosensors in agriculture
faces many challenges, such as cost-effectiveness, scalability,
and regulatory considerations. Therefore, continuous progress
is needed to face such challenges and ensure the successful
integration of nanobiosensors in the agri-food sector by
enhanced sensitivity, portability, longevity, and the stability of
nanomaterials. These advances in nanobiosensors will assist
agriculturists by enabling precision farming, reducing resource
wastage, and promoting sustainable practices. Future work will
eventually involve the development of competent and advanced
nanobiosensors to contribute to the complex microbe–plant
interaction mechanism, providing previously inaccessible
information and microbial responses in soil microbiome under
variable environmental conditions.
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